El Cerro Potosí (CPO) se caracteriza por un gradiente altitudinal de 2 200 a 3 719 m y por ser hábitat de diversas coníferas. Los objetivos de este estudio fueron: 1) generar una red dendrocronológica de Pinus culminicola, Pinus hartwegii, Pseudotsuga menziesii y Pinus greggii; 2) desarrollar una reconstrucción de lluvia estacional; y 3) determinar la influencia de fenómenos atmosféricos de circulación general sobre la variabilidad interanual y multianual de la precipitación en CPO. Para lograr esos objetivos, con métodos dendrocronológicos se generaron cuatro cronologías climáticamente sensitivas; la más extensa (1420-2010) fue de Pinus hartwegii, y las más corta (1850-2010), de Pinus greggii. La asociación entre series dendrocronológicas mostró una respuesta climática común y mediante componentes principales. Se integró una serie representativa de los diversos estratos de elevación, que cubre el período 1700-2010. La reconstrucción de lluvia estacional enero-septiembre detectó que los años más secos fueron 1785 y 1801, y los más húmedos, 1791, 1832 y 1911, con una influencia significativa (r= 0.53, p<0.01) del Niño Oscilación del Sur (ENSO), a través del índice de lluvia tropical (TRI). La influencia de huracanes detectada en las series de madera tardía constituye una alternativa para analizar, históricamente, la influencia de estos fenómenos atmosféricos en el crecimiento de las especies y en la producción de servicios hidrológicos para la región.
Introduction
It is crucial to understand the hydroclimatic variability of the sky islands from the ecological and social point of view, particularly when these sites are rich in biological diversity, with the presence of endemic species, a high supply of hydric resources, and other ecosystem services that are essential to the well-being of society. One of these sites in northeastern Mexico is Cerro El Potosí (CPO), located in the central-southern part of the state of Nuevo León. This hill is part of the Eastern Sierra Madre; at an altitude gradient of 2 000 to 3 721 m, has a surface area of over 1 000 km 2 , and is the ridgeline dividing three watersheds that drain toward the Gulf of Mexico and provide hydric resource for the social and economic development of human settlements in the states of Nuevo León and Tamaulipas (INEGI, 1986) .
The diversity of conifers present in the various altitude floors of CPO is characterized by including drought-tolerant species on its lower stratum and various conifers, with greater water requirements, at higher elevations, render this area a natural landscape rich in biodiversity for analyzing the influence of the climate on the growth behavior of the taxa present in it, as well as the effect of disturbances caused by fires and by soil use changes; an example of the former is the 1998 fire, which significantly reduced the population of the endemic taxon
Pinus culminicola Andresen & Beaman to less than 30 ha (Jiménez et al., 2003) .
The existence of tree species that are representative of the various altitudes at CPO constitutes an excellent opportunity to generate a dendrochronological network and carry out dendroclimatic reconstructions that may allow a historical analysis of the hydroclimatic variability and its influence on the availability of water for those human settlements that depend on it.
The closeness of CPO to the Gulf of Mexico may influence the development of the species and the production of hydric resources, due to the presence of trade winds, cold fronts and hurricanes for which the high peaks of the Eastern Sierra
Madre are a physical barrier on which they discharge moisture and where they dilute. General circulation atmospheric phenomena, such as the Atlantic Multidecadal Oscillation (AMO), the El Niño Southern Oscillation (ENSO), and the Pacific Decadal Oscillation (PDO) favor the occurrence of extreme hydroclimatic events in northeastern Mexico (Villanueva-Diaz et al. 2007; Méndez and Magaña, 2010; Stahle et al. 2016) . This is evidenced by the droughts which in the past have caused food dearth and famine (García, 1997) , a situation which today is rendered more serious by global warming (Seager et al., 2009 ).
The research questions of this study were: 1) whether or not there is a common response to the climate among the species present at the various altitudes on CPO, and 2) whether or not the interannual and multiannual climate variability detected in the chronologies is significantly influenced by phenomena related to the general atmospheric circulation phenomena.
In order to answer these questions, the present study pursued the following objectives: 1) to generate a dendrochronological network of the tree species that are representative of the altitude gradient of CPO; 2) to analyze their climatic response, and 3) to develop a reconstruction of the precipitation that may allow analyzing its variability in time and determining the effect of various general atmospheric circulation phenomena on it.
The historical analysis and frequency of extreme hydroclimatic events is important for determining the frequency, duration and intensity of these events in order to establish preventive and abatement actions for the preservation of both the ecosystems and the hydric resources generated at CPO (INEGI, 1986) .
Materials and Methods

Study area
Cerro El Potosí is one of the highest peaks of the Eastern Sierra Madre. Geographically, it is located in the Galeana municipality, in the central-southern part of the state of Nuevo León, at the extreme geographical coordinates 24º50 '35" to 24º53'16" N and 100º13'16" to 100º15'12" W. Because its altitude gradient ranges between 2 000 m, at the base of the mountain, and 3 721 m at its peak, it has various types of climate, depending on the altitude and exposure; BS 1 kw"(e) semi-arid climates are predominant at the western exposure, with greater humidity at the eastern and northern exposures. According to García-Arévalo and González-Elizondo (1991) , the climate of the mountain is E(T)H(e), cold and extreme (García, 2004) (Beaman and Andresen, 1966; Risking and Patterson, 1975 The samples were mounted, polished and dated using conventional dendrochronological techniques (Stokes and Smiley, 1968) . Due to the irregular radial growth of P. culminicola, several radii were taken in each cross section in order to determine those with the least irregular growth. The total, early-wood and late-wood ring growth series were measured using a VELMEX measuring system at a resolution of 0.001 mm, and were then verified using the COFECHA software (Holmes, 1983; Grissino-Mayer, 2001 ). Subsequently, the measurement series were standardized using the ARSTAN software (Cook, 1987) , firstly, with a negative exponential curve or a negative slope straight line, and secondly, with a flexible frequency curve with a 0.5 response and an N/2 wavelength, N being the length of the time series (Cook and Peters, 1981) .
The statistics generated with the COFECHA and ARSTAN programs, such as the intercorrelation between series, medium sensitivity, signal/noise ratio and Expressed Population Signal (EPS) were compared among all the species involved. The dendrochronological series for each species were contrasted in the common period, through simple correlations and principal components, in order to generate a dendrochronological series that would be representative of the dominant climate conditions of the altitude gradient. A seasonal rainfall reconstruction was developed based on the response function between average climate records of the stations close to CPO, which were integrated into a characteristic climate series of the region (Table 1) , and the dendrochronological series that is representative of the hill, and its interannual and multiannual variability was analyzed, as well as its similarity to other precipitation reconstructions for the region. The influence of atmospheric circulation phenomena was determined by comparing the indexes of the dendrochronological series against the values of the Southern Oscillation Indexes (SOI) (Allan et al., 1996) , Tropical Rain Index (TRI), an estimate of the variability of El Niño Southern Oscillation (Wright, 1979) ; Pacific Decadal Oscillation (PDO) (Mantua et al., 1997) , Atlantic Multidecadal Oscillation (AMO) (Van Oldenborgh et al., 2009) , and the Palmer Drought Severity Index (PDSI), reconstructed for northeastern Mexico (Stahle et al., 2016) .
The late-wood dendrochronological series was compared to the presence of hurricanes that have impacted CPO or that have been detected within a radius of 50, 100 and 200 km. The effect was considered to be positive when the latewood index was above 1.0, while there was no impact in those cases when the index was average (i.e. equal to 1.0) or below 1.0.
Results
Dendrochronological series
A total ring chronology of 254 years (1757-2010) was generated for the 75 sampled Pinus culminicola trees, with two sections per tree (150 cross sections). 58 series were used for to 0.65), first-order autocorrelation (0.6 to 0.8), and signal/noise ratio (the higher the value, the better) for the generated chronologies exhibited values within intervals considered as normal (Speer, 2010) ; the Expressed Population Signal (EPS) was also included, for climate reconstruction purposes (Table 2) . to an infinite sample size (Wigley et al., 1984) .
Despite the differences detected in the dendrochronological indexes for the compared species at the various altitudes of CPO, a similar behavior was detected between taxa, particularly in the decades 1860, 1890, 1900, 1920, 1950, 1970 and 2000, with 
Relationship between growth rings and climate variables
The response of the representative growth series of CPO and the climate station integrated with the aforementioned stations (Table 1) shows that the overall standard ring chronology responded significantly to the January-September accumulated precipitation for the 1976-2004 period, with a correlation of 0.78 (p<0.01), which amounts to 61 % of the variance in seasonal accumulated precipitation in winter, spring and summer.
The precipitation records were calibrated for the total period of available records , as well as by 14-year sub-periods (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) . Based on this analysis, the ring width indexes were determined to account for 48 to 79 % of the variance in precipitation, while the total period accounts for 59 % of this variation. Therefore, the total period of available data was utilized for reconstruction purposes. The comparison between the parameters derived from the regression of the estimated precipitation sub-periods and the rainfall data recorded for the same sub-periods validates the robustness of the model.
The reconstruction models surpassed the statistical validity tests when compared to independent precipitation values (Table 3) . 
Influence of general atmospheric circulation phenomena
In an extensive region such as northeastern Mexico, the common response between growth ring series distributed at various sites of the Eastern Sierra Madre is due to the influence of general atmospheric circulation phenomena like ENSO, AMO, and PDO, which, directly or through tele-connections, affect the interannual and multiannual climate variation at a regional level.
The analysis of the impact of ENSO on CPO determined a close but negative relationship with the reconstructed (November-February) SOI, as well as with the instrumental SOI for MayDecember. This relationship between the chronology and the ENSO indexes improved when the January-April TRI (r= 0.53, p<0.0001, n= 103 years) was utilized (Figure 4 ). This suggests that the growth of the trees in that region may account for 27 % of the variability of the precipitation anomalies produced by ENSO during the winter-spring seasons. The relationship with the PDO was also significant, though for a longer period, which covered the months from March to December; a similar situation was determined based on the PDSI records for the summer (June-September), which exhibited a significant correlation (r=0.316, p<0.0007). No significant relationship with AMO was found to exist (Table 4) . (Stahle et al., 2016) .
Dendrochronological indexes and the influence of hurricanes
During the summer, one of the main sources of humidity at Cerro El Potosí are hurricanes. This influence seems to be most important in the formation of late wood of those species occurring on CPO. 40 % of the 24 cyclonic events recorded between 1887 and 2010 within a radius of 50 to 200 km, with CPO at the center, produced a higher annual ring width index (>1.0), while in the series of late Pseudotsuga menziesii and Pinus greggii wood, there was an increase above the average (>1.0) in at least 50 % of these events. The cyclones that occurred at a radius of 200 km in the years 1921, 1928, 1975 and 1999 had no impact on the ring-width index, which was below average (<1.0) for all taxa; therefore, although these phenomena may have been present in the region, they probably did not affect CPO.
Discussion
In regard to the dendrochronological parameters, those tree species that grow at the higher limits of the high mountains in Mexico, such as Pinus culminicola and Pinus hartwegii -despite their sensitivity to the climate, which is evident in the variation of its annual radial increase-are subjected to stressing conditions, such as shallow soils with a low fertility; constant, intense winds, and freezing temperatures. This situation induces a prostrated position of the trees, which favors irregular growths (Schweingruber, 1996) , reducing the intercorrelation between series.
The dendrochronological parameters of the dated series -mean sensitivity, firstorder autocorrelation and signal/noise ratio-were similar to those obtained for
Pinus hartwegii in central and northern Mexico (Villanueva et al., 2015) . However, the intercorrelation between series was lower than that of more climate-sensitive species like Pinus cembroides and Pseudotsuga menziesii, which occur in the neighboring mountains of the Eastern Sierra Madre (Constante et al., 2009 ).
The mean sensitivity parameter (0.193) was lower than that observed in other taxa present at close sites. The lowest mean sensitivity values in Pinus culminicola are ascribed to the irregularity in the growths, a behavior that has been cited for taxa dwelling in alpine ecosystems in various parts of the world, e.g. Juniperus monticola Martínez, in volcanoes in central Mexico (VillanuevaDíaz et al., 2016) , for Polylepis tarapacana Phil., in South America (Argollo et al., 2004) , and for various shrubs in Europe (Liang et al., 2010) .
recorded for January-September (352 mm). These years of rain scarcity were observed to occur in periods with several consecutive years of drought, which caused an economic crisis and brought about social issues across the country, as in the "Year of the Famine" (Florescano, 1980) . The period between 1789 and 1810 has been well documented in Saltillo, Coahuila, for its shortage of basic grains, famine and high mortality of the livestock (García, 1997) .
The humid years also occurred by episodes, with several consecutive years -such as 1791, 1832 and 1911-of precipitations above the average and 60 % above the reconstructed mean; in other years -namely 1734, 1756, 1939 and 2010-, the increase was closer to 50 %.
Although the region showed the significant influence of ENSO through SOI indexes, the main association with this phenomenon was determined based on the TRI for the January-April period, during which the representative chronology of the higher part of CPO accounted for 28 % of the anomalies in the rainfalls in the equatorial Pacific (Wright, 1979) . The impact of this circulation phenomenon is not as high as in northern Mexico, where the relationship between the chronologies of early wood and the SOIs reach a maximum of 0.7 for the winterspring seasonal period (Stahle et al., 1998; Villanueva et al., 2014) . Other circulatory phenomena like PDO (r= 0.24, p<0.01, n= 111) and AMO (r = 0.187, p<0.02) exhibited a significant influence, which was nevertheless lower in the region. Studies on the influence of these phenomena in Mexico show an interaction that favors extremely dry events when they are in-phase (Elder et al., 2014) and increase the presence of hurricanes in the Gulf of Mexico (Wang et al., 2008; Méndez and Magaña, 2010) .
The record of hurricanes at CPO indicated a positive influence on the growth of total wood of Pinus culminicola, but in particular, of the late wood of species like Pseudotsuga menziesii and Pinus greggii.
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Conclusions
The dendrochronologial parameters of Pinus culminicola, Pinus hartwegii, Pseudotsuga menziesii and Pinus greggii at the various altitudes of Cerro El Potosí confirm the sensitivity of these species to climate, as well as the existence of climate events that affected the whole mountain with differentiated effects on their growths, but with similar tendencies, particularly in years with little precipitation.
Although in this study the longest-living species was Pinus hartwegii, its sensitivity to climate is lower than that of Pinus culminicola, which attains ages above 300 years and shows a high potential for carrying out rainfall reconstructions.
The significant association of the representative series of the higher part of CPO with the dendrochronological series of tree species distributed in the neighboring mountains, as well as with the growths of those species existing along the altitude gradient indicates that the taxa respond to the variation in precipitation, which affects CPO and other mountains of the Eastern Sierra Madre.
The great droughts that have taken place in the past, in cycles of approximately 50 years, may occur in the future, with magnified effects, due to a greater pressure on the hydric resources; for this reason, it is important to establish abatement actions in order to face these events.
Because Pinus culminicola and Pinus hartwegii grow at the higher arboreal limit of the highest peaks of the Eastern Sierra Madre, they are greatly relevant for the studies on climate change, as the increases in temperature may affect the availability of water and, therefore, impact their ecological stability.
The circulatory phenomenon that most influenced the hydroclimatic variation of CPO was ENSO; based on the TRI, it was determined to exert its strongest influence during the January-April seasonal period, when it accounted for 28 % of the annual radial increase of the tree species present there.
Unlike ENSO, which exerts more influence during the winter-spring period, the presence of hurricanes in mid-summer has a favorable impact on the annual growth of P. culminicola and P. hartwegii. This effect is more noticeable particularly in late-wood series, and, therefore, these may constitute a proxy for a historical understanding of the impact of hurricanes on CPO.
The development of dendrochronological networks in sky islands like CPO that may combine the hydroclimatic response across an altitude gradient makes it possible to analyze the variability of the climate, the frequency and the probability of extreme hydroclimatic events, and the impact of general atmospheric circulation patterns.
